Abstract-An all-digital phase-locked loop (PLL) circuit in which resolution in the phase detector and digitally controlled oscillator (DCO) exactly matches the gate-delay time is presented. The pulse delay circuit is connected in a ring shape with 32 inverters (2 5 inverters). With the inverter gate-delay time as the time base, the pulse phase difference is detected simultaneously with the generation of the output clock. In this system, the phase detector and oscillator share a single ring-delay-line (RDL). This means the resolution is the same at all times, making a high-speed response possible. In a prototype integrated circuit (IC) using a 0.65-m CMOS, the generation of a frequency multiplication clock was achieved with four reference clocks, and that of a phase-locked clock with seven reference clocks, for a high-speed response. The cell size was 1.08 1.08 mm 2 , and the output clock frequency had a wide range of 50 kHz 60 MHz. The multiplication range of the clock frequency was also a very wide 4 1022, and a high level of precision was achieved with a clock jitter standard deviation of 234 ps. This digital PLL can withstand a broad range of operating environments, from 30 C 140 C, and is suitable for making a programmable clock generator on a chip.
I. INTRODUCTION
P HASE-LOCKED LOOPS (PLLs) are functional circuits that generate signals that are phase locked with external input signals (reference clock). They are essential in various fields including communications, controls, instrumentation, and sensors. In line with recent technical trends, there is a demand for PLLs to be integrated on integrated circuits (ICs) as a key circuit. For example, while a great many analog PLLs are used as clock generation circuits in high-speed ICs today [1] , [2] , the future direction is toward elimination of both externally attached components and the need for adjustments. Small size, high performance, low cost, improved durability, and, more than anything else, high-speed phase lock are also required. Thus, there are strong demands for digitization of PLLs [3] . With traditional digital PLLs (DPLLs), however, the frequency range in which application is possible is several megahertz lower than that of analog PLLs. The reason is that the upper limit of the operating speed of the applied circuits, such as the counter and analog-to-digital converter (ADC), is determined by the corresponding clock frequency [3] . Recently, there have been practical proposals for digital PLLs, clock generators, and delay-locked loops (DLLs) that use gate-delay circuits for various clock generation circuits or timing adjustment circuits, as the unit for clock control [4] - [8] . These apply the gate-delay time as a means to obtain high resolution, and consist of digital circuits only. Their operation is stable even with low voltage power, and they can be easily integrated in digital ICs. However, a gate-delay-line cannot be applied to frequency or phase-difference detection directly. Therefore, a faster response is desired because time is lost until detection. In addition, a relatively high-frequency reference clock is needed, as the multiplication factor of the frequency clock is also limited to a small range. Therefore, our aim was to develop a high-speed response DPLL that can be applied to a broader range of frequencies than conventional DPLLs. For this purpose, we developed a digitally controlled oscillator (DCO) that operates at above 40-60 MHz with the gate-delay time as the resolution, and in the same way a phase detector [9] that digitizes the phase difference, which has the same gate-delay time as the resolution. The gate-delay circuit can readily accommodate a low power-supply voltage of 2 V or less and at the same time eliminate the high-frequency noise carried in the power line [10] .
We have developed a DPLL with a completely new configuration that combines this DCO and phase detector in a single unit, so that high-speed phase-lock operation can be applied over a wide frequency range. With a 0.65-m CMOS test chip, high-speed phase lock was achieved with application frequencies of 44.9 kHz 61.3 MHz and seven reference clock signals.
One advantage is that this will enable improved clock generation for an IC operating clock without a crystal resonator, because a CR-oscillator consisting of capacitor and resistor built into the IC can be used to realize a stable clock with low frequency (around 10 kHz) [11] . Section II will describe the new DPLL configuration and its operating principle. This will be followed by evaluation results in Section III and, finally, some concluding remarks in Section IV.
II. CONFIGURATION AND OPERATION PRINCIPLE OF DPLL

A. DPLL Configuration
The DPLL with the new configuration is shown in Fig. 1 . In the conventional type, the phase-detection circuit and oscillator are independent, and their operating resolutions do not coincide with each other. The new DPLL uses a time-to-digital 0018-9200/03$17.00 © 2003 IEEE conversion circuit [9] , [10] as a frequency and phase detector, and a DCO as a frequency variable oscillator. The time resolution of both circuits is determined by a common ring-delay-line (RDL), so the time resolution is always the same. Because of this, both are sure to have the same resolution even with such occurrences as temperature fluctuations or process variations. Based on this characteristic, high-speed phase lock is realized from the two stages shown below (the frequency-acquisition process and phase-lock process) as a new control method.
B. Frequency Acquisition
The operations at the time of frequency acquisition are shown in Fig. 2 . First, with the gate-delay time as the resolution, the period of the reference clock CKI receiving external input is digitized (DA ) by the time-to-digital conversion circuit [10] . Next, the ratio of this data and the multiplication factor is calculated in the digital processing section (Fig. 1) , and the output clock control data CD is generated (CD ). Then, an output clock CKO with a period TCK corresponding to this control data CD is generated. With these operations, the frequency acquisition is complete. In addition, the decimal place of the ratio is reflected in the control data CD by proportionally adding 1 least significant bit (LSB) to the CD. For this reason, drift in the clock period is kept low even with a high multiplication of more than 1000 times [11] .
C. Phase-Lock Processing
First, the phase difference of the reference clock CKI and feedback clock CKR is digitized (DA) by the time-to-digital conversion circuit. Then, in the digital processing section, the phase shift volume is calculated based on the above digital data DA, and just the phase shift volume of the output clock control data CD is increased or decreased. By doing this, the phase shift is made all at once. As mentioned above, the time resolutions of the DCO and time-to-digital conversion circuit are always in agreement, making such ideal phase control possible. Fig. 3 illustrates the high-speed phase-lock operation. This DPLL operates so that the trailing edges of the reference clock CKI and the feedback clock CKR are synchronized. The output clock CKO enters the frequency acquisition state from the fourth signal after the start of input to the reference clock (described in Section II-B). Afterward, the phase shift is carried out all at once at the trailing edge of the seventh CKI signal, and the circuit operates so that a phase error of zero is maintained. In the present work, three clock periods are used because the phaseshift volume is calculated using the average value of two data: the DAs at the fourth and fifth CKI.
D. Configuration of New RDL
The configuration of the newly designed RDL is shown in Fig. 4 (a) and that of a conventional ring oscillator in Fig. 4(b) . The difference between Fig. 4 (a) and (b) is the number of gates making the ring oscillator. The RDL consists of an even number of inverters and NAND gates (32 gates). On the other hand, a conventional ring oscillator is made with an odd number of inverters (31 gates). The DCO and the time-to-digital conversion circuit function with the respective data separated into high-order bits and five low-order bits. That is, the phase difference in the polyphase delay clock (P1, P2, P3-P32) with output from the RDL is used as the time resolution (unit) of the five low-order bits, and the RDL uses one cycle period as the unit for the high-order bits. For this reason, configurations with odd gate numbers [for example, 31 inverters in Fig. 4(b) ] were adopted in conventional ring oscillators, so only odd number polyphase delay clocks could be output, giving rise to a lack of code (continuous lack) between the high-and low-order bits. Therefore, as shown in Fig. 4(a) , we devised an RDL with an even number of stages using a double loop. In the RDL, the leading (main) edge and trailing (reset) edge go around simultaneously, so the RDL could output a polyphase delay clock of 2 to the th power ( ) stages. In this circuit, a 32-stage (P1 P32) polyphase delay clock is generated when the starting signal ST reaches level , and this becomes the common time resolution of the DCO and the time-to-digital conversion circuit.
E. Configuration of the DCO
In this circuit, the output clock CKO is output when the gate of the stage number corresponding to the 18-bit frequency control data CD input from the digital processing section (Fig. 1) is inverted. As shown in Fig. 5(a) , in addition to the RDL, this circuit consists of a fine adjustment section FA, dynamic adaptive processing section DAP, coarse adjustment section CA, and output section OS. To realize a wide frequency-control range in a small-sized circuit, the 18-bit frequency control data CD is controlled after being separated into high-order 13-bit data CDH and low-order 5-bit data CDL in this circuit. Fig. 5(b) shows the time chart of the DCO operation. Counting down from CDH brings a coarse adjustment signal (BOW) to level , so that the BOW is read at the leading edge of CKP, which is one of polyphase delay clocks (P1 P32) from the RDL. Finally, a CKO pulse is generated as D-type flip-flop (DFF) output .
In the following, the operation of each block is described for frequency control data CD of 100 (Dec) [CDH (000-0011), CDL (00100)]; that is, when an output clock is generated at a period equivalent to 100 gates. 
1) Fine Adjustment Section (FA):
One polyphase clock P1 P32 output from the RDL corresponding to the 5-bit control data output from the dynamic adaptive processing section is selected, and the trimming signal CKP is output.
2) Dynamic Adaptive Processing Section (DAP):
To make a sequential shift in the switch position so that extraction is made from the polyphase clock of the RDL in the fine adjustment section, control data are generated based on low-order 5-bit data CDL ( ) of the frequency control data CD. For example, at a certain point when the FA section selects signal P5, supposing the DAP section datum is 5, the DAP section outputs as the next datum.
3) Coarse Adjustment Section (CA): One P1 of the polyphase clock is counted down by the down counter. When the RDL output clock (three clocks of P1) that corresponds to the high-order 13-bit data CDH ( 3) of the frequency control data CD is input, the coarse adjustment signal BOW to the output section is changed to level .
4) Output Section (OS):
When the coarse adjustment signal BOW is between level and the fine adjustment signal CKP is input, the output clock CKO is output.
With the above blocks, the gate-delay time is the resolution and the output clock period is digitally controlled. The DCO designed in the present study can control frequencies in the range of control data 60 3FFFF (Hex). As for the lower limit of the above control data, the output CKO at three RDL cycles is one signal output; that is, it becomes gate number 96 ( Hex). On the other hand, the upper limit of the control data (minimum frequency) is determined by the down counter bit number (13 bits).
F. Configuration of the Time-to-Digital Conversion Circuit
As shown in Fig. 6 , in addition to an RDL that serves as the time base, this circuit includes a low-order 5-bit output section, a high-order 14-bit output section, and a data calculation section. Since the RDL is shared with the DCO, it is used while always being made to oscillate. Moreover, to expand the time range that can be digitized, the RDL cycle number data are used directly for the upper 14 bits, and a value is generated by the encoder that corresponds to the number of gate steps for the lower 5 bits [9] , [10] .
In the frequency acquisition time, the reference clock CKI is taken as the latch clock CKL, and the inverted gate number in one period of the clock CKL is used as the reference clock period datum. In addition, at the time of phase lock, the reference clock CKI and the feedback clock CKR are adopted alternately as the latch clock CKL, and the phase difference between the reference clock CKI and feedback clock CKR is digitized. The operation of each block is shown in the following.
1) Low-Order Bit Output Section (LOB):
At the time of latch clock (equivalent to reference clock CKI or feedback clock CKR) input, the position of the propagation pulse that goes around the RDL is digitized by the encoder, and then output as the low-order bit data DL.
2) High-Order Bit Output Section (HOB):
With input of the above-mentioned latch clock CKL, the output data of the counter that counts up P32, which is one of the polyphase clocks, are latched and taken unchanged as the high-order bit data DH.
3) Data Calculation Section (DC): Each time the above latch clock CKL is input, the preceding datum is subtracted from the new datum made up of the high-order bit data DH and low-order bit data DL, leading to output as digital data DA of the inverted gate number between two consecutive latch clock CKLs. From the above blocks, the gate-delay time is taken as the resolution, and the reference clock period and phase difference are digitized. Fig. 7 shows a core photomicrograph of the DPLL test chip in the present study and the layout position of each block. This IC is fabricated with a 0.65-m CMOS, and the core size is 1.08
III. EVALUATION RESULTS
A. Test Chip
1.08 mm .
B. Operating Frequency Range
The time resolution of this DPLL, which is the gate-delay time of the RDL, and the upper and lower limits of the output clock frequency were measured under a standard condition (25 C, 5 V), a low-temperature and high supply-voltage condition ( 30 C, 6 V), and a high-temperature and low supply-voltage condition (140 C, 3 V) (the reasons for setting these conditions were to establish a standard condition and both upper and lower limits for actual use). The time resolution was measured by measuring the oscillation clock period of the RDL. The results are shown in Fig. 8 . As can be seen in this figure, the time resolution at 140 C, 3 V is 361 ps, which is a resolution higher by more than a factor of 10 than that when using a clock-count-type system.
Evaluation of the upper and lower limits of the output clock frequency were conducted with a multiplication factor of 1022 and a gradually changing reference clock frequency, and the output clock frequencies that allow normal operation were confirmed by oscilloscope. The output clock frequency of this DPLL, as shown in Fig. 9 , was 27.6 MHz at 140 C and 3 V. At 30 C and 6 V for the lower limit, the output clock frequency was 62.4 kHz.
C. Frequency Acquisition Operation
Using a pattern generator, the reference clock input to the DPLL was generated periodically, and the operating waveform of the output clock in frequency acquisition was observed with an oscilloscope. Fig. 10(a) shows the clock CKOD waveform (30.4045 MHz) further divided in half against the output clock CKO (60.809 MHz), which is 1022 the reference clock CKI (59.5 kHz), in the standard condition of 5 V and 25 C. The numbers shown above the observed reference clock waveform in the figure indicate the clock number from the start of input to the reference clock. An enlarged portion in the vicinity of the fourth reference clock signal is shown in Fig. 10(b) , which confirms stable clock operation. As mentioned in Section II-C, only four signals of the reference clock are sufficient for frequency acquisition in this DPLL, confirming that high-speed frequency acquisition is possible just as theoretically predicted.
D. Phase-Lock Operation
As was shown in the previous section, this DPLL operates so that the phase difference (time difference) between the trailing edge of the reference clock CKI and the trailing edge of the feedback clock CKR is zero. Fig. 10(c) shows the trailing vicinity of the seventh signal of the reference clock of Fig. 10(a) (note that the output clock CKOD shown here is that before division of the feedback clock, so it is synchronous with the leading edge). A detailed operating evaluation was done using a time-interval analyzer (I.T.I., DAT 9500). The phase error between the reference clock CKI (76.9 kHz) and the output clock (78.5918 MHz at 1022 ) under the operating condition of 6 V and 30 C is shown in Fig. 11 . As described in the preceding section, it was confirmed that the phase error reached zero in step fashion by the seventh signal of the reference clock.
It was confirmed that under each operating condition, a phase-lock mode was entered at the seventh signal as predicted theoretically. This phase-lock speed is faster by a factor of 100 than in analog systems, which would be a particular advantage in various clock control systems. Additionally, using digital processing only, this DPLL enables application over a wide range of frequencies from several dozen kilohertz to several dozen megahertz, a function that is simply impossible with analog systems.
E. Jitter Evaluation
The same time-interval analyzer as mentioned above was used in the jitter evaluation of the DPLL clock. Under operating conditions of 6 V and 30 C, the reference clock (75.0 kHz) was multiplied 1022 times and the output clock CKO was generated. Fig. 12 is a histogram of the clock CKOD (38.325 MHz) period with the output clock divided in half. Using a sample number of 10 000, the peak-to-peak jitter was 2.00 ns, and the standard deviation about 400 ps.
Similarly, at 5 V, 25 C and 3 V, 140 C, the respective reference clocks at 59.5 and 28.0 kHz were multiplied by 1022 to generate output clock CKOs (at 60.809 and 28.616 MHz, respectively), and the clock CKODs (30.4045 and 14.308 MHz, respectively) were divided in half against the CKOs. In the standard condition with a sampling number of 10 000, the peak-to-peak jitter of the CKOD was 1.59 ns, and the standard deviation about 234 ps. In the high-temperature operating condition, the peak-to-peak jitter was 5.56 ns and the standard deviation about 509 ps. In the present study, CKOD jitter was measured because a 50% duty-cycle clock would be useful for applications.
There is a difference between phase errors in Fig. 11 and jitters in Fig. 12 . The first reason for this is the difference between a transient state and steady state. The second reason is that CKOD was divided in half against the output clock CKO. Table I gives the performance specifications of this DPLL test chip at 5 V and 25 C.
Incidentally, the clock frequency (44.9 k to 61.3 MHz) of this DPLL is lower and the jitter (1.59 ns) is larger than those of the latest analog PLLs, while analog PLLs would not be able to operate like this DPLL, with a large multiplication factor of 1022 and a high-speed response. Thus, this DPLL seems to be unique and hold numerous possibilities for making new clock control systems and their application systems.
F. Application Examples
Eliminating an external resonator like crystal for the generation of an IC operating clock is very effective in terms of lowering cost and improving reliability. Instead of using an external resonator, a CR-oscillator built in the IC can be used to realize a stable clock in a low-frequency region (around 10 kHz) [11] . For automotive applications, the IC operating clock frequency range is several to several dozen megahertz; thus, a wide range of clock frequency multiplications, of factors (from 4) to 1022, is needed to adopt a CR-oscillator. It is possible that the present DPLL can be applied as an IC operating clock generator without a crystal resonator [11] . This is the only DPLL that allows such a possibility, since the other methods (including [4] - [8] , for example) are not suitable for use with a low-frequency reference clock and fast frequency acquisition.
Also, high-speed clock generation with a wide-range multiplication factor is convenient for the flexible power manage-ment of dissipation current reductions in ICs, since the clock frequency can be instantaneously changed to the desired value as needed.
In addition, by ensuring this wide range and high-speed response for output signal control, the circuit is effective in applications such as various servo systems using pulsewidth modulation control, such as micromechanical sensors (e.g., accelerometer and vibration gyro), and interpolation of rotation sensor output pulse signals (obtaining 100 higher angle resolution). It would also seem to be useful in various clock control systems in various fields, including communications, controls, instrumentation, and sensors.
IV. CONCLUSION
In a DPLL with an operating clock as the time base, the upper limit of the applicable frequency is several megahertz. On the contrary, by taking the gate-delay time as the time base, a high frequency can be achieved simultaneously with a wide frequency range (44.9 kHz 61.3 MHz at 5 V, 25 C).
By including the phase detector and oscillator in a single configuration, the end digits of the multiplication ratio can be effectively applied because the frequency-detection resolution and the resolution of the multiplication clock generation circuit are exactly the same. Therefore, this unique configuration circuit enables a wide range of clock frequency multiplications, of factors from 4 to 1022. Furthermore, a high-speed phase lock at the seventh reference clock signal is possible. This increases the speed by more than a factor of 100 over analog systems. One application for this DPLL is to the clock generator on a chip without a crystal resonator. It would also seem to be useful in various clock control systems for all-digital implementations.
